؉ T-cell immunity is important for long-term protection against Toxoplasma gondii infection. However, a Th1 cytokine environment, especially the presence of gamma interferon (IFN-␥), is essential for the development of primary CD8
CD8
ϩ T-cell immunity plays a critical role in the host protection against Toxoplasma gondii infection (2, 17, 33). Cytokines like interleukin-7 (IL-7) and IL-15 are important in the induction and maintenance of CD8 ϩ T-cell immune response against several pathogens (15, 16, 39, 42) , but our studies have demonstrated that gamma interferon (IFN-␥) is essential for the initiation of robust CD8 ϩ T-cell immunity against T. gondii (9) . In these studies, it was observed that mice unable to produce optimal IFN-␥, due to the absence of IL-12 gene expression, developed severely compromised CD8 ϩ T-cell immunity against T. gondii, which suggests that a Th1 cytokine environment is critical for optimal development of this protective response.
Heligmosomoides polygyrus is a mouse intestinal nematode that establishes a chronic infection in the duodenum. After two larval molts in the submucosa, the male and female adult worms emerge into the lumen of the intestine and mate, and eggs are excreted in the feces (44) . Infection with H. polygyrus, although completely enteric, results in systemic dissemination and induction of Th2 cytokine responses (35, 38, 43, 44) . Such Th2 cytokine responses have been shown to block type 1 cytokine responses (1, 24) and to induce regulatory T cells (46) . Moreover, it has been reported that worm infection can reverse the pathological outcome of allergic and autoimmune reaction (7, 25, 45) . Recent studies have demonstrated that H. polygyrus infection in mice leads to expansion of regulatory T cells, which may lead to down regulation of immunity against infections dependent on Th1 cytokine response (10) . However, the effect of worm infection on the development of CD8 ϩ T-cell immunity, important in protecting against many viral, bacterial, and parasitic infections has not been extensively studied (14, 29, 32) . We evaluated the effect of prior H. polygyrus infection on the generation of CD8 ϩ T-cell immune response against T. gondii since interference with effective induction of CD8 ϩ T-cell responses by worm infection, prevalent in developing countries, could confound development of vaccination and therapeutic protocols for residents, visitors, and immigrants in these areas (36) .
MATERIALS AND METHODS
Mice. Female C57BL/6J mice obtained from Jackson Laboratory, Bar Harbor, ME, or the Animal Breeding Facility of the Trudeau Institute were used at ages between 8 and 10 weeks. Mice were raised under barrier-sustained conditions and were free of the common viral pathogens of mice as judged by periodic serological screening of sentinel mice by the University of Missouri Research Animal Diagnostic and Investigative Laboratory, Columbia, MO.
Parasites and infections. ME49 cysts were obtained from brains of chronically infected C57BL/6 mice, and infections were initiated by peroral administration of 10 cysts in 0.1 ml of diluted brain suspension using a 19-gauge gavage needle.
Sham-infected mice received similarly diluted brain suspensions from uninfected mice. Two hundred infective third-stage larvae (L 3 ) of H. polygyrus were administered via the peroral route. Infection with T. gondii cysts was performed on day 8 post-worm challenge.
Intracellular staining. IFN-␥ was determined by intracellular staining using a Cytofix/CytoPerm kit (BD PharMingen, San Jose, CA) as previously described (5) . Cells were labeled with fluorescein isothiocyanate-conjugated anti-CD8a and CytoChrome-conjugated anti-CD3 (e-Biosciences, San Diego, CA), fixed and permeabilized with paraformaldehyde, and then stained with phycoerythrin (PE)-conjugated anti-IFN-␥ (e-Biosciences). Stained cells were analyzed by flow cytometry, and the results were evaluated by using Cell Quest software.
Quantification of parasite burden. Quantification of parasite burden in the spleen, liver, gut, and brain was performed at day 7 postinfection (p.i.) by quantitative PCR (22) . DNA was isolated from tissues with the Qiamp tissue kit (Qiagen, Valencia, CA) according to the manufacturer's instructions. Parasite DNA was amplified with primers specific for a 35-fold repetitive sequence of the B1 gene (5Ј-TCTTTAAAGCGTTCGTGGTC-3Ј and 5Ј-GGAACTGCATCCG TTCATGAG-3Ј), which is found in all known parasite strains (3). A 134-bp competitive internal standard containing the same primer template sequences as the 194-bp B1 PCR fragment was synthesized and amplified along with parasite DNA. Amplification was performed using a 50-l reaction mixture containing 1.24 U Amplitaq DNA polymerase; 1ϫ PCR buffer (Promega, Madison, WI); 0.2 mM each of dGTP, dATP, dTTP, and dCTP; and 0.4 mM of each B1 primer. For each reaction, a known amount of DNA from the tissues was amplified with various amounts of the internal standard. The levels of parasite load were estimated by comparison to the internal controls.
IFN-␥ ELISA. Serum IFN-␥ levels of the infected animals were assayed at day 10 following T. gondii infection using an enzyme-linked immunosorbent assay (ELISA) kit from Biolegend (San Diego, CA).
TLA preparation. Toxoplasma lysate antigen (TLA) was prepared from tachyzoites of the RH strain of T. gondii (18) . Preparation of HpAg. Antigenic extract from H. polygyrus (HpAg) was obtained from adult worms, isolated from the duodenum of female BALB/c mice infected 14 days earlier with 200 infective 3rd stage larvae (L 3 ). The worms settled in 10 changes of 50 ml of RPMI 1640 medium maintained at 37°C, and were then incubated at same temperature for 1 h in RPMI 1640 medium plus a standard antibiotic mixture of penicillin (100 g), streptomycin (100 U), and amphotericin (10 g) (culture medium). Subsequently, they were then placed in fresh culture medium and distributed at approximately 400 adult worms per 2 ml in 24-well culture plates. Medium was changed at day 3, and the wells containing worms with Ͼ90% viability were pooled at day 6 and extract was prepared using a Dounce homogenizer on ice until all worms were sheared. The suspension was centrifuged at 4,000 ϫ g, and the clear supernatant was aseptically passed through a 0.2-m filter. The solution was stored at Ϫ20°C until used further for T-cell stimulation.
Proliferation and cytotoxicity. CD4 or CD8 ϩ T cells were purified by magnetic separation (16) . Purified cells (Ͼ95% pure) (1 ϫ 10 5 cells/well) were cultured with TLA (15 g/ml) or HpAg (20 g/ml) in presence of irradiated feeder cells. After a 5-day incubation, radioactive [ 3 H]thymidine was added to the wells and proliferation was measured by a standard procedure in our laboratory (6) .
For the cytotoxic assay, purified CD8 ϩ T cells were cultured in presence of TLA and irradiated feeder cells and cytotoxic activity was determined after 5-day incubation (13) . Briefly CD8 ϩ , T cells were harvested and incubated with 51 Crlabeled T. gondii-infected macrophages at various effector/target ratios in 96-well U-bottom plates. After a 4-h incubation, the supernatants were measured for radioactive release and the percentage of cytotoxic response was calculated (19) .
Statistical analysis. Statistical analysis, unless otherwise noted, was conducted with unpaired Student's t test (31) .
RESULTS
Dually infected mice exhibit increased survival and reduced intestinal pathology. C57BL/6 mice infected orally with H. polygyrus were subsequently challenged 8 days later with T. gondii cysts. At day 10 p.i. (post-Toxoplasma infection), some of the dually infected mice and those challenged with T. gondii alone were sacrificed and ileum and liver were subjected to histopathological analysis. Both tissues from T. gondii-infected mice showed signs of inflammation and necrosis ( Fig. 1Aii and iv) as reported earlier (21, 27) , while the inflammatory reaction was reduced in dually infected mice ( Fig. 1Ai and iii) . Two of six mice from the T. gondii-infected group succumbed to infection, but no mortality was observed in mice carrying the dual infection (Fig. 1B) .
Reduced inflammation in the dually infected mice led to a decreased ability to clear parasites, as shown by the enhanced cyst load in their brains. A significantly higher number of cysts was detected in the brains of dually infected mice than in the controls infected with T. gondii alone (P ϭ 0.005) (Fig. 1C) .
To determine the effect of worm infection on the level of Th1 cytokine response during T. gondii infection, sera from these animals were isolated at day 10 p.i. and levels of IFN-␥ were determined by ELISA. As expected, sera from mice infected with T. gondii alone showed high levels of IFN-␥ that were significantly reduced in dually infected mice (P ϭ 0.003) (Fig. 2) . The decrease in the serum IFN-␥ levels was not followed by an increase in Th2 cytokines. Levels of IL-4 in the dually infected mice were similar to those in mice infected with T. gondii alone (data not shown).
CD4 ؉ and CD8 ؉ T-cell response against T. gondii. Since Th1 cytokines are important for the induction of a primary CD8 ϩ T-cell immune response against T. gondii (9), the development of functional CD8 ϩ T cells in the dually infected mice was determined. Mice were sacrificed at day 10 p.i., and spleens and mesenteric lymph nodes (MLNs) were collected and pooled. CD4 and CD8 ϩ T cells were isolated, and antigenspecific proliferation was measured. T-cell subsets from both spleens ( Fig. 3Ai and iii) and MLNs of T. gondii-infected mice ( Fig. 3Aii and iv) were able to proliferate in response to TLA stimulation. However, T-cell subsets isolated from dually infected mice exhibited a significant decrease in response to TLA (Fig. 3Ai to iv ). There was a significant reduction in the IFN-␥-positive CD4 and CD8 ϩ T-cell numbers noted in both spleens and MLNs of dually infected mice ( Fig. 3Bi and ii) .
No difference in CD4 ϩ T-cell proliferative response to HpAg stimulation between the mice carrying dual or worm infection alone was observed (Fig. 3Ci) . CD8 ϩ T cells isolated from both dually or worm-infected mice showed background proliferation when stimulated with HpAg (Fig. 3Bii) . Thus, T. gondii infection apparently does not alter the T-cell response to worm infection.
To determine if the failure to develop antigen-specific T-cell response against T. gondii in the dually infected mice is transient or long term, the assay was repeated at day 30 post-T. gondii infection. Although CD4 ϩ T cells from dually infected mice at this time point are able to respond to TLA (Fig. 4Ai and iii), CD8 ϩ T cells continue to exhibit nonresponsiveness to TLA stimulation ( Fig. 4Aii and iv) . Similarly, while increase in the frequency of IFN-␥-producing CD4 ϩ T cells in both MLNs and spleens was detected at this time point (Fig. 4Bi and ii) , the number of IFN-␥-positive CD8 ϩ T cells was reduced in the spleens and MLNs of dually infected mice ( Fig. 4Bi and ii) . CD8 ؉ T cells from dually infected mice fail to protect or exhibit antigen-specific cytotoxic response:. To further analyze the T. gondii-specific CD8 ϩ T-cell function in the dually infected mice, cytotoxic response against T. gondii-infected macrophages was assayed. T. gondii-infected mice are known to develop strong CD8 ϩ T-cell-mediated cytotoxic activity against infected cells (8, 19, 37) . Purified CD8 ϩ T cells from T. gondiiinfected mice were incubated with radiolabeled T. gondii-infected target cells, and cytotoxic activity was measured by isotope release. As shown in Fig. 5A, CD8 ϩ T cells from the dually infected mice exhibited minimal cytotoxic activity even at high effector/target ratios. Conversely, CD8
ϩ T cells from the mice infected with T. gondii alone exhibited a strong lysis of T. gondii-infected targets (Fig. 5A) .
Finally, CD8 ϩ T cells from the dually infected mice were iai.asm.org evaluated for their ability to protect naïve animals against a parasite challenge. CD8 ϩ T cells isolated from T. gondii-infected, dually infected, and noninfected controls were isolated and transferred intravenously to naïve syngeneic animals. The mice were subsequently challenged perorally 24 h later with 35 cysts. As shown in Fig. 5B , all of the mice that received CD8 ϩ T cells from the T. gondii-infected mice survived until the termination of the experiment. In contrast, mice receiving cells from dually infected mice succumbed to infection similar to control mice treated with CD8 ϩ T cells isolated from uninfected mice (Fig. 5B) .
CD4 ؉ T-cell depletion reactivates the infection in dually infected mice:. Previous studies have demonstrated that simultaneous depletion of CD4
ϩ and CD8 ϩ T cells is needed for reactivation of latent T. gondii infection in chronically infected mice (11) . In these studies, it has been reported that depletion of CD4 ϩ T cells alone had no effect, while treatment with anti-CD8 antibody led to only partial reactivation of chronic infection. As CD8 ϩ T cells in dually infected animals were nonresponsive, we determined the effect of anti-CD4 antibody treatment on these chronically infected animals. Similar to earlier findings (11) , depletion of CD4 ϩ T cells had no effect on the mice infected with T. gondii alone (Fig. 6A ) and all the mice in this group continued to survive similar to control animals treated with rat immunoglobulin G (IgG). Interestingly, depletion of CD4 ϩ T cells in the dually infected mice proved to be lethal as all the animals in this group died by day 15 after the start of 
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To determine if the mortality of anti-CD4-depleted dually infected mice is due to reactivation of latent T. gondii infection, the levels of T. gondii DNA in the brain, liver, spleen, and lung of dually infected mice were measured. Treatment with anti-CD4 led to a significant increase in T. gondii DNA load in all the tissues tested (Fig. 6B) . Conversely, depletion of CD4 in the mice infected with T. gondii alone or the dually infected mice administered rat IgG did not exhibit an increase in the parasite load in these tissues.
To confirm that the depletion of CD4 ϩ T cells led to Toxoplasma-related encephalitis in the dually infected mice, the brains from these mice were subjected to histopathological analysis. The assay showed that similar to the data obtained in Fig. 6B , compared to mice infected with T. gondii alone, dually infected mice exhibited a marked increase in cyst burden (Fig.   6Ci , ii, vi, and vii). This was associated with an inflammatory response in these mice (Fig. 6Cvi and viii) . Cysts were found in the dually infected mice which were in the process of rupture with detectable extracellular bradyzoites ( Fig.6Cvii and vii) . Cysts were rarely seen in mice infected with T. gondii alone (Fig. 6Ci and ii) , and there was minimal inflammation in these mice that was not changed by anti-CD4 treatment (Fig.6Civ) . In contrast, fewer cysts were demonstrated in the dually infected mice treated with anti-CD4 than those receiving control IgG (Fig. 6Cix and x) , which is consistent with reactivation of the latent cysts seen in the dually infected mice (Fig. 6Cvi and  vii) . Compared to mice with T. gondii infection alone (Fig.6Civ) anti-CD4 treatment led to significantly more inflammation in dually infected mice (Fig. 6Cix and x) .
DISCUSSION

IFN-␥-producing CD8
ϩ T cells are important for long-term protection against T. gondii infection (16) . While CD8
ϩ T cells have been demonstrated to play an essential effector role, CD4
ϩ T cells act synergistically to limit chronic infection (12) . Earlier reports from our laboratory have shown that Th1 cytokines are important for the generation of robust CD8 ϩ T-cell immunity against T. gondii (9). In the present study, elicitation of CD8 ϩ T-cell immunity against T. gondii in coinfection with H. polygyrus, a worm which is known to induce a strong Th2 cytokine response (35) , was evaluated. Compared to mice infected with T. gondii alone, dually infected mice failed to develop antigen-specific CD8 ϩ T-cell immunity against the parasite. During the early phase of infection, both CD4 and CD8 ϩ T-cell subsets were nonresponsive to in vitro antigenic stimulation. However, H. polygrus-specific CD4 ϩ T cells at the same time point continued to remain responsive in dually infected animals, suggesting that T. gondii infection does not alter the host immune response against the worm. Subsequently, at day 30 p.i. while CD4 ϩ T-cell response to TLA was restored, CD8 ϩ T cells continued to be nonresponsive to stimulation by T. gondii antigens. Moreover, CD8 ϩ T cells from the dually infected mice were unable to lyse T. gondii-infected targets and failed to protect naïve animals in adoptive transfer experiments. The nonresponsive state of CD8 ϩ T cells in the dually infected mice was further characterized by CD4 depletion studies. Treatment of these mice with anti-CD4 antibody led to reactivation of latent toxoplasmosis. Earlier studies by Gazzinelli et al. (11) showed that depletion of CD4 ϩ T cells alone had no effect on chronically infected mice, while treatment with a combination of antibodies to deplete CD4 and CD8 ϩ T cells resulted in reactivation of T. gondii infection. The same study demonstrated that depletion of CD8 ϩ T cells alone led to partial reactivation of latent infection in mice carrying chronic T. gondii infection. Our present study demonstrates that mice infected with H. polygyrus and T. gondii fail to generate effector CD8 ϩ T-cell immunity and protection against the parasite is totally dependent on CD4 ϩ T cells. Hence, depletion of CD4 ϩ T cells leaves the host defenseless, resulting in latent T. gondii reactivation and multiplication of parasites in the tissues.
Previous studies related to coinfection of T. gondii with a helminth have focused on the outcome of acute infection. In one study conducted recently, it was reported that T. gondii infection reversed an established Th2 response to Nippostrongylus brasiliensis infection (26) . Conversely, coinfection did not affect the T. gondii-induced intestinal necrosis or the number of parasites in the dually infected mice. An earlier study using Schistosoma mansoni demonstrated that Th1 cytokine production and T. gondii-mediated intestinal pathology in the dually infected mice were substantially reduced (28) . In the present study, we observed that the characteristically strong Th2 response to H. polygyrus was not seen in the dually infected mice (data not shown), but a decrease in IFN-␥ levels and severe 
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intestinal pathology mediated by T. gondii was observed. The focus of our study was to evaluate the affect of coinfection with H. polygyrus on the development of CD8 ϩ T-cell immune response against T. gondii. Interestingly, we observed that the T. gondii-specific CD4 ϩ T-cell response, which in the dually infected mice is down regulated during acute infection, recovers at later stages, while CD8 ϩ T-cell immunity is not restored. These observations raise an important question about the possibility of separate antigens involved in the induction of CD4 and CD8
ϩ T-cell response. It is possible that due to conversion from the acute to chronic stage, parasite antigens involved in the induction of CD8 ϩ T-cell immunity are not available or the processing of antigens by dendritic cells is altered. In fact, Chen et al. demonstrated that mice infected with H. polygyrus and subsequently exposed to Citrobacter rodentium failed to clear the bacterial infection and the mice expressed enhanced pathology related to a skewing of dendritic cell activity in the intestine (4) . Others have demonstrated altered dendritic cell responses to nonparasite antigen induced by excretory/secretory products released by H. polygyrus (34) . Alternatively, Metwali et al. showed that H. polygyrus induces a population of regulatory CD8
ϩ T cells that control inflammation at mucosal surfaces that could contribute to more generalized suppression of T. gondii-induced inflammation in coinfected mice (30) .
Our studies demonstrate that prior infection to H. polygyrus leads to development of suboptimal adaptive immunity against T. gondii, especially CD8 ϩ T-cell response, which has been reported to be as essential for protection against long-term protection against T. gondii (20) . While earlier reports used a coinfection model to study the outcome of immune response during acute T. gondii infection (26, 28) , this is the first study to focus on generation of the adaptive immune response against the parasite in mice. These findings emphasize the importance of Th1 cytokine milieu for induction of antigen-specific adaptive immunity against T. gondii. Earlier studies from our laboratory reported that p40 Ϫ/Ϫ mice, which are unable to produce optimal IFN-␥ levels, exhibit a diminished CD8 ϩ T-cell response against T. gondii infection (9) . Exogenous IFN-␥ treatment in these mice helps to restore normal CD8 ϩ T-cell immunity. Although overwhelming of the Th2 cytokine environment created by H. polygyrus infection alone is not observed in the dually infected mice (data not shown), the worm infection inhibits the development of a T. gondii-specific CD4 ϩ T-cell response in the short term and induction of CD8 ϩ T-cell immunity against the parasite in both the short and long terms. Moreover, recent studies have shown that H. polygyrus induces distinct subsets of cells with suppressive properties and phenotypic characteristics similar to those of regulatory T cells (10) . Suppression of CD8 ϩ T-cell immunity against T. gondii in H. polygyrus-infected mice due to regulatory T-cell response remains to be studied. Nevertheless, our observations have far-reaching implications in other infections such as viruses (41) or diseases like cancer (23) , where CD8 ϩ T-cell immunity is critical for host protection. Immunotherapeutic interventions to control diseases may not be effective, especially in underdeveloped areas where both nematode and other infections are present. Based on our data, this factor should be seriously considered while developing vaccination strategies against these agents. In fact, a recent review has suggested that vaccine efficacy using both crude and defined antigens can be severely impaired in animals coinfected with helminths and protozoan and bacterial pathogens (40) . These observations along with effects of coinfection on inflammation indicate a need for more definitive studies to explore parasite-related products as immune modulators and the mechanisms related to control of infection and tissue reactivity.
